We determine the effect of defects induced by ion bombardment on the Raman spectrum of single-layer molybdenum disulfide. The evolution of both the linewidths and frequency shifts of the first-order Raman bands with the density of defects is explained with a phonon confinement model, using density functional theory to calculate the phonon dispersion curves. We identify several defect-induced Raman scattering peaks arising from zone-edge phonon modes. Among these, the most prominent is the LA(M) peak at ∼227 cm −1 and its intensity, relative to the one of first-order Raman bands, is found to be proportional to the density of defects. These results provide a practical route to quantify defects in single-layer MoS 2 using Raman spectroscopy and highlight an analogy between the LA(M) peak in MoS 2 and the D peak in graphene.
I. INTRODUCTION
The considerable research interest in atomically thin graphene over the last decade has paved the way for the investigation of many other two-dimensional (2D) materials [1] . Among these, semiconducting single-layer molybdenum disulfide (1L-MoS 2 ) shows technologically exploitable electronic [2, 3] and optical [2, 4] properties, and is a promising candidate as a building block in functional heterostructures [1] .
The performance of MoS 2 -based devices is expected to be critically affected by structural disorder, which may be induced during synthesis or processing. However, the controlled introduction of defects can also be utilized to tailor the properties of 1L-MoS 2 , for example: line defects in 1L-MoS 2 can act as one-dimensional (1D) metallic stripes [5] ; the introduction of vacancies, using electron irradiation can lead to the doping of 1L-MoS 2 [6] and enhance its photoluminescence [7] ; the reactivity of MoS 2 can be improved in the presence of structural defects or by increasing active edge sites, making its amorphous phase interesting for electrocatalysis applications [8] ; ion irradiation can be used to thin MoS 2 down to single layers and to engineer the properties of MoS 2 -based devices [9] . Therefore, investigating the fundamental physics, and quantifying the level of disorder in this material are key steps towards the large-scale synthesis of 1L-MoS 2 and also subsequent device fabrication and material functionalization.
Raman spectroscopy is a widely established technique that can be used to gain insight into the vibrational properties of MoS 2 as well as the perturbation of its crystal lattice, induced by doping [10] or strain [11] . The Raman spectrum of bulk MoS 2 is characterized by two prominent peaks denoted as E 1 2g (∼382 cm −1 ) and A 1g (∼407 cm −1 ); these are the first-order Raman modes associated with in-plane and out-of-plane vibrations, respectively. When the thickness of MoS 2 decreases, the frequency of E 1 2g upshifts while the frequency of A 1g downshifts, until a frequency difference of * sandro.mignuzzi@kcl.ac.uk † debdulal.roy@npl.co.uk ∼19 cm −1 between the two peaks is reached for 1L-MoS 2 , allowing identification of the number (N) of layers [12] . Strictly speaking, due to the different symmetries between odd and even N, one should refer to these peaks as E 1 2g and A 1g for even N only, and to E and A 1 for odd N [13] . The latter notation will be used throughout this report, as it applies to 1L-MoS 2 .
In this article we report a Raman spectroscopy study of defective 1L-MoS 2 . Ion bombardment is used as a method to introduce defects in 1L-MoS 2 , specifically, a manganese ion (Mn + ) gun to provide nanometer-sized defects [14] , with a controllable defect density [14] [15] [16] [17] . The introduction of structural disorder results in the observation of specific Raman signatures, thus indicating the viability of Raman spectroscopy as a high-throughput and nondestructive technique to quantify defects in 1L-MoS 2 .
II. METHODS
Using micromechanical cleavage [18] , natural bulk MoS 2 is exfoliated and deposited on Si substrates covered with 300 nm SiO 2 . Photoluminescence [4] and Raman spectroscopy [12] are used to unambiguously identify 1L-MoS 2 flakes. The 1L-MoS 2 flakes are bombarded with Mn + , each with a different ion dose, in an ultrahigh vacuum (UHV) timeof-flight secondary ion mass spectrometry (TOF-SIMS IV) instrument (ION-TOF GmbH, Muenster, Germany), equipped with a liquid metal ion gun at an angle of 45°to the surface normal and using an ion-beam kinetic energy of 25 keV. Each 1L-MoS 2 flake is on a different Si substrate and is dosed during different experiments, in order to verify the reproducibility of the results. Defects are created in 1L-MoS 2 flakes by single ion impact events and, in order to induce a controllable and quantifiable level of surface damage, the ion beam is rastered over the 1L-MoS 2 surface. The density of ions impinging on the surface (σ ) is calculated as σ = it/Ae, where i is the ion current, t is the exposure time to the ion beam, A is the rastered area, and e is the elementary charge. By varying t it is possible to tune the defect density between 10 12 and 10 14 ions/cm 2 . These correspond to an average interdefect distance (L D ) ranging from 10 to 1 nm (L D = 1/ √ σ ). The ion beam has a Gaussian distribution with a full width at half maximum of approximately 4 μm and is digitally rastered over a square area of side between 100 and 200 μm. Consequently, from the single ion impact statistics alone, the ion dose distribution is uniform to better than 99.9999% within 20 μm of the ion bombarded perimeter (5 standard deviations of the ion beam). Since the average interdefect distance is inversely proportional to the square root of the ion dose density, there is a high degree of uniformity over this central region where the 1L-MoS 2 flake is located. In practice the uniformity is reduced since the ion beam current, measured using a Faraday cup, has a small variation (standard deviation of up to 1%), which is reflected as the uncertainty in the interdefect distance. Raman spectra are collected at room temperature, in ambient conditions, on both the pristine and bombarded flakes, using a confocal system (LabRAM HR800, Horiba Jobin Yvon) in backscattering geometry, equipped with a 100× objective (numerical aperture NA = 0.9) and a 600 lines/mm grating. The spectral resolution is ∼2 cm −1 , as derived from the linewidth of the Rayleigh peak, with an uncertainty in the Raman shift position of ±1 cm −1 due to instrumentation. Measurements are performed using a green (532 nm) laser excitation wavelength. The laser power is kept below 100 μW to avoid heating effects and thermal damage. The Si Raman band at 520 cm −1 is used as a reference for the calibration of the Raman shift. The phonon frequencies of 1L-MoS 2 are computed using density functional theory (DFT) and density-functional perturbation theory as implemented in the QUANTUM-ESPRESSO distribution [19] , within the local density approximation [20] , using norm-conserving pseudopotentials. A plane-wave expansion up to a 90 Ry cutoff is used and the Brillouin zone is sampled with a 12×12×1 Monkhorst-Pack mesh. The 1L-MoS 2 is modeled using a supercell approach and an interlayer spacing of 1.0 nm. The dynamical matrices are calculated on an 8×8×1 uniform mesh and Fourier interpolation is used to compute the phonon dispersion on finer grids. Figure 1 shows the development of representative Raman spectra of 1L-MoS 2 flakes, bombarded with Mn + , for an increasing density of defects. The bottom Raman spectrum of Fig. 1 is for a pristine flake and shown for comparison. Notably, as observed in Fig. 1 , the Raman spectrum gradually evolves as a function of L D . This evolution can be summarized in two main points: (i) the first-order Raman bands show changes in both their widths and positions, and (ii) new Raman scattering peaks arise in the spectral region ∼140-420 cm −1 .
III. RESULTS AND DISCUSSION
Focusing our attention on the two main first-order Raman bands ( Fig. 2) , as L D decreases we observe that the peak position of E , Pos(E ), downshifts while that of A 1 , Pos(A 1 ), upshifts, whereas the full width at half maxima of both bands, (E ) and (A 1 ), increase upon decreasing L D . In order to exclude any possible contribution of temperature-induced broadening and shifts of the Raman scattering peaks, we measured the Raman spectra as a function of laser power, confirming that no significant variation is found in the Raman spectra for the laser power range 1 μW-1 mW (see Supplemental Material [21] ). We note that ion-induced defects in 2D materials are usually associated with doping [22] and strain [23] , which can affect the vibrational modes. Indeed, it has been previously observed that Pos(A 1 ) and (A 1 ) are sensitive to doping, whereas E remains unaffected [10] . However, the upshift of Pos(A 1 ) should be accompanied by a decrease of (A 1 ) [10] , which is inconsistent with our observation, allowing us to rule out the doping effect as the main mechanism involved. One could also associate the shift in peaks position with an induced strain localized around defects. It has indeed been reported that both Pos(E ) and Pos(A 1 ) decrease (increase) with tensile (compressive) in-plane strain [11, 24] , which is once again contrary to our experimental observations. However, although doping and strain will have an effect on the Raman spectra, the observed disorder-related evolution of the first-order peaks can instead be explained using a "phonon confinement model," as reported for ion-bombarded graphene [16] and other disordered crystals [25] [26] [27] .
For a crystalline material, the vibrational normal modes have an infinite spatial correlation. Therefore, Raman active phonons can be described as plane waves with finite wave vector q ∼ = 0 (known as the Raman fundamental selection rule). The corresponding Raman bands have Lorentzian line shapes centered at frequency ω of the zone center of the Brillouin zone, with a full width at half maximum, 0 , which is inversely proportional to the phonon lifetime. When defects are introduced, these perturb the spatial translational invariance of the system; as a consequence, the phonon correlation length L C becomes finite, causing the breakdown of the fundamental selection rule [27] . The relaxation of the selection rule determined by the presence of disorder can be taken into account by considering an "effective" circular region, with diameter equal to L C , within which the phonons are confined, leading to a Gaussian attenuation factor of exp(−2r 2 /L C 2 ), where r is the spatial coordinate. In the reciprocal lattice space, this corresponds to a phonon wave packet of exp(−q 2 L C 2 /4). As a consequence, the intensity I of a Raman band can be generalized as
where ω(q) is the phonon dispersion and the integral is extended over the Brillouin zone. For pristine materials, L C tends to infinity and Eq. (1) reduces to a single Lorentzian centered at ω(0). This Raman line-shape interpretation, which is known in literature as "phonon confinement model" or "spatial correlation model," has been successfully applied to explain the Raman scattering from several ion-bombarded crystals, for example, graphene [16] , graphite [25] , and GaAs [26] , as well as to estimate the domain size of microcrystalline silicon [27, 28] and the width of silicon nanowires [29] .
In this work we model the line shapes of the first-order peaks using Eq. (1), where 0 is taken as the experimental width of each Raman scattering peak, as found in the pristine flakes. The phonon dispersion ω(q) of 1L-MoS 2 is calculated using DFT. The region of ω(q) which is of interest for the E and A 1 peaks is shown in Fig. 2(a) . At the point, the out-of-plane optical (ZO) branch gives rise to the A 1 mode. The slight polarity of MoS 2 breaks the degeneracy of the longitudinal optical (LO) and transverse optical (TO) branches at the zone center. However, due to the small LO-TO splitting (<3 cm −1 ), only one peak, E , is detectable using Raman spectroscopy measurements [11, 30] .
From Eq. (1) we numerically calculate the line shapes of the A 1 and E 1 peaks (see Supplemental Material [31] ), using the corresponding branches of the phonon dispersion curves. For the A 1 peak, this is the dispersion of the ZO branch. Equation (1) is calculated for the LO and TO branches of the dispersion curve and then the sum of the two integrals is taken for the E peak. We therefore assume that the LO and TO branches equally contribute to the line shape of the E peak. The phonon branches giving rise to the A 1 and E 1 peaks are rigidly shifted by −6.6, −7.0, and −9.7 cm −1 (for the ZO, TO, and LO branches, respectively), to match each -point value 195411-3 to the experimental peak frequencies measured for pristine 1L-MoS 2 . In the calculation the phonon correlation length is taken to be proportional to the interdefect distance [16] , that is L C = αL D , where α is a real, positive number. Figures 2(c) and 2(d) show the experimental evolution of the position and linewidth of the E and A 1 peaks as a function of L D , calculated using Voigt peak fits as there are contributions from multiple peaks in this spectral range, as shown in Fig. 2(b) . The upward and downward shifts of Pos(A 1 ) and Pos(E ), respectively, resemble the phonon dispersion of the corresponding branches: moving away from the point (q ∼ = 0), the upward trend for the ZO frequencies, and the downward trend for the LO and TO frequencies are observed. α is an adjustable factor, as the defect scattering cross sections are expected to be quite different for in-plane (E ) and out-of-plane (A 1 ) modes. Here α is determined by achieving the best agreement with the experimental trends of Pos(E ), Pos(A 1 ), (E ), and (A 1 ). From Fig. 2 the optimal values for α are found to be 0.5 ± 0.1 and 0.8 ± 0.1 for the A 1 and E peaks, respectively. Therefore, the phonon correlation length and the interdefect distance are of the same order of magnitude, supporting the validity of the proposed model. Note that these results are consistent with experiments on ion-bombarded graphene that show a proportionality between L C and L D , with different values of α associated with different modes [16] .
Other than the effects of phonon confinement on the two first-order 1L-MoS 2 Raman peaks, the Raman spectra of the Mn + bombarded samples are also characterized by the presence of defect-activated peaks. The peak positions and relative assignments, based on the correlation with the theoretical phonon dispersion [Figs. 2(a) and 3(a)], are reported in Table I . These modes involve phonons at the zone edge of the Brillouin zone, which may be activated by the momentum contribution of a defect, allowing the Raman selection rule to be satisfied. Similar peaks have been previously reported in other transition metal dichalcogenides (TMDs) under electronic resonance condition, and ascribed to disorder-induced modes originated at the zone edge [32] . Some of these modes, while still clearly distinguishable, overlap with the E and A 1 peaks, affecting the uncertainty in the fitting process.
For peaks in close proximity to the first-order peaks, the defect-induced peak at ∼357 cm −1 can be assigned to the TO branch at the M point, while at the high frequency side of the A 1 peak it is possible to distinguish a peak centered at ∼411 cm −1 that we assign to ZO(M). Of particular interest is the peak at ∼377 cm −1 , which overlaps with the E peak until it becomes barely distinguishable for high levels of disorder. Indeed, the ∼377 cm −1 feature was previously identified not as a distinct peak, but as a broadening of the E peak [9] . This is not the case, as clearly evidenced from the comparison between the spectra with different levels of disorder (Fig. 1) . The distinctive identity of the ∼377 cm −1 peak is further confirmed by its presence in pristine 1L-MoS 2 , where it manifests itself as a weak shoulder located at the low-frequency side of the E peak. The existence of a similar shoulder has been previously reported for bulk MoS 2 , and it has been assigned to Raman-inactive TO phonons with E 2 1u symmetry [33] , arising from an atomic displacement pattern similar to that of E 1 2g . This assignment is questionable, as reflectivity measurements show this peak at the higher frequency side of the E peak [34] . Moreover, the distinction between the E 1 2g and the E 2 1u modes is not present in 1L-MoS 2 [35] , where a single E peak should be observed. Therefore, we consider that the origin of the low frequency shoulder cannot be attributed to E 2 1u . This study enables the ∼377 cm −1 feature to be identified as a disorder-induced peak, suggesting that it is a mode originated at the edge of the Brillouin zone [LO(M)].
Analyzing the low-frequency region of the Raman spectrum (140-260 cm −1 ) of Mn + bombarded 1L-MoS 2 (see Fig. 1 ), we observe the appearance of new bands. Among these, the most intense peak is located at ∼227 cm −1 . It has previously been shown that exposure to ambient conditions can cause partial oxidation of MoS 2 , and therefore leading to the presence of molybdenum oxides, with MoO 3 displaying Raman bands [36] in the spectral region 120-1110 cm −1 . The most prominent peak of MoO 3 is located at ∼820 cm −1 and is attributed to a symmetric stretch of the oxygen atoms in the O-Mo-O bond [36] , while a very weak band is also present at ∼227 cm −1 . Therefore, one possible assignment of the ∼227 cm −1 peak in 1L-MoS 2 could be an increased level of partial oxidation on the MoS 2 samples, as vacancy sites are expected to interact with molecular oxygen, thus promoting the formation of Mo-O bonds. However, if this were the case, the onset of the MoO 3 band at ∼227 cm −1 should be accompanied by a distinct appearance of a much more intense peak at ∼820 cm −1 . In the Raman spectra of Mn + bombarded MoS 2 , a peak is observed at ∼820 cm −1 but its intensity does not increase as a function of disorder, indicating that it corresponds to a higher order MoS 2 peak [37] (see Supplemental Material [38] ).
A prominent peak at ∼227 cm −1 has also previously been reported in literature in deposited MoS 2 films [39] and MoS 2 nanoparticles [40] . Studying MoS 2 nanoparticles, Frey et al. [40] attributed the ∼227 cm −1 peak to disorder-induced Raman scattering. This peak has been linked to the presence of a local maximum in the vibrational density of states (VDOS), located at the energy corresponding to the longitudinal acoustic (LA) branch at the edge of the Brillouin zone [35] [ Fig. 3(a) ]. The emerging peak has been assigned to LA phonons with momentum q = 0 at M point, and referred in literature as LA(M) [40] , which is the term that will also be used from herein. However, restricting the origin of the peak to M-point phonons may not be completely justified, as (i) the VDOS presents a Van Hove singularity between the M and K point, and (ii) the LA branch is almost dispersionless over the entire edge of the Brillouin zone, that is, all the phonons at the zone edge have similar energies and could potentially contribute to the ∼227 cm −1 peak. The second order of LA(M) is also present in the spectra at ∼454 cm −1 and it is denoted as 2LA(M) (Fig. 1) . The origin of this band is interesting and will also be discussed later.
To further validate the strong correlation between the ∼227 cm −1 peak and structural defects, the evolution of the intensity (peak height) of the LA(M) peak, normalized to the E peak, I (LA)/I (E ), and the A 1 peak, I (LA)/I (A 1 ), respectively, as a function of L D is shown in Fig. 3(b) . The increase of these intensity ratios is the combination of two concomitant factors occurring upon increasing disorder: (i) an increase in the absolute intensity of the ∼227 cm −1 peak, caused by the increase in disorder, and (ii) a decrease in the intensity of the E and A 1 peaks that is possibly due to the progressive ablation of the material caused by the ions bombarding the MoS 2 flakes. The latter is observed in Fig. 1 from the increase in the intensity of the Si peak, observed at ∼300 cm −1 and labeled with an asterisk, with decreasing L D (note that the spectra in Fig. 1 are normalized to the A 1 peak). On the basis of these observations, we show that I (LA)/I (E ) and I (LA)/I (A 1 ) are inversely proportional to L 2 D , or, equivalently, directly proportional to the total number of ions impinging on the surface (1/L 2 D ). Fitting the data in Fig. 3(b) using
where X = E or A 1 , reveals that C(E ) = 1.11 ± 0.08 nm 2 and C(A 1 ) = 0.59 ± 0.03 nm 2 . These values are expected to be dependent on the laser excitation energy used for the Raman measurements. A similar relationship is found when using the frequency-integrated peak intensities (see Supplemental Material [41] ). Interestingly, these intensity ratios behave analogously to the intensity ratio of the D and the G peak, I (D)/I (G), in graphene, which is largely used to assess the level of disorder within the lattice [14] [15] [16] .
Besides the prominent mode at ∼227 cm −1 , we can resolve other peaks in the region 140-260 cm −1 , whose intensities increase with disorder. Similarly to the ∼227 cm −1 peak, from Fig. 3(a) , these bands appear to be linked to acoustic zoneedge phonons: we assign the peaks located at ∼154, ∼180, and ∼187 cm −1 to the TA(M), ZA(M), and TA(K) modes, respectively.
It is interesting to observe that, except for the peak at 187 cm −1 , all disorder-induced peaks in Table I match well with M-point phonons. The explanation for this preferential phonon activation within the Brillouin zone might be similar to the one suggested for the origin of the 2LA(M) band. Indeed, it has been recently shown that this band becomes more intense than the first-order A 1 and E peaks when the Raman experiment is performed with laser energies around 2 eV, which corresponds to the B-exciton energy in 1L-MoS 2 [42] . The mechanism proposed to account for this behavior is a double resonance (DR) process which involves two LA(M) phonons with opposite momentum. According to this model, originally used to explain the 2LA(M) band in tungsten disulfide (WS 2 ) [43] , the Raman process involves resonances at valleys at the K and I points in the electronic band structure (the I point is the intermediate point between the and K points) and the phonon which connects these two valleys has a wave vector at the M point. At the origin of the defect-induced peaks in 1L-MoS 2 there could be a similar DR process involving a single phonon mode at M and scattering due to defects for momentum conservation. This would be comparable to graphene, where the defect-induced D peak and the relative second-order 2D peak are activated by a DR process [44] . In order to check the validity of the DR mechanism in 1L-MoS 2 , a resonance Raman study with varying laser excitation energy will be needed.
IV. CONCLUSIONS
In summary, we have investigated the effects of defects induced by Mn + ion bombardment on the Raman spectrum 195411-5 of 1L-MoS 2 . The degree of disorder is quantified by the interdefect distance L D . The E peak and the A 1 peak broaden upon increasing the defect density, which is accompanied by a downshift of the position of the E peak and an upshift of the position of the A 1 peak. Using DFT calculations of the phonon dispersion, we have explained the evolution of these first-order peaks as due to phonon confinement. Moreover, the introduced disorder activates new Raman modes, many of which have not been observed in literature, and that we assign as arising from zone-edge phonons. Among these, we have focused attention on the ∼227 cm −1 peak, which has been assigned to LA phonons at the M point. We have proposed a phenomenological relationship between the intensity ratio of the LA(M) peak and each of the first-order peaks, allowing a fast and practical quantification of defects in 1L-MoS 2 using Raman spectroscopy. Finally, the preferential activation of M-point phonons due to disorder has shed light on possible electronic resonance phenomena, which are likely to trigger a debate on the role of the electron-phonon coupling in the Raman scattering of 1L-MoS 2 and other two-dimensional TMDs.
